Introduction
The flux of ions across cellular membranes is the basis for important physiological processes as electrical signaling, control of the cell volume and ion homeostasis. Transmembrane ion transport presents an energetic challenge, since it requires the balance of large and long-range electrostatic interactions (Parsegian, 1969) . The maintenance of the energetic balance is particularly important for ion channels, which specifically allow the permeation of ions at very high rates. The structures of ion channel proteins reveal the mechanisms employed to keep the strict energetic balance (Doyle et al, 1998; Zhou and MacKinnon, 2004) . The mechanisms include ion-protein interactions in extended low-affinity ion-binding sites and the binding of multiple ions, which, due to their mutual electrostatic repulsion, lower the barrier for dissociation from the binding sites (Hille and Schwarz, 1978; Morais-Cabral et al, 2001; Zhou and MacKinnon, 2003) . The principles of ion conduction are now well established for the large family of K þ channels; they remain less clear, however, for other ion channel proteins.
Next to K þ channels, the ClC Cl À channels are the second class of selective ion channel proteins, with a known structural scaffold (Dutzler et al, 2002 (Dutzler et al, , 2003 . ClC channels constitute a large protein family, which is found from bacteria to mammals. Their physiological importance is evident from a broad range of tasks and from their link to various diseases (Jentsch et al, 2002) . In sequence and structure the ClC channels are not related to K þ channels or any other class of ion channel proteins, and in their function they exhibit a unique feature: while several characterized eukaryotic family members residing in the plasma membrane work as Cl À selective ion channels with a complex gating behavior, a close prokaryotic homolog from Escherichia coli (EcClC) and several eukaryotic family members localized in intracellular organelles function as an H þ /Cl À exchanger, where the flux of Cl À is coupled to the flux of protons in the opposite direction (White and Miller, 1979; Picollo and Pusch, 2005; Scheel et al, 2005) . The crystal structure of EcClC was determined by X-ray crystallography (Dutzler et al, 2002 (Dutzler et al, , 2003 . It provides insight into the structural organization of the ClC family and reveals the chemical basis for anion selectivity. EcClC is a homodimer of structurally identical subunits, with each subunit containing an ion translocation pore ( Figure 1A ). The topology of the subunit is complex; it consists of two roughly repeated halves, which span the membrane with opposite orientation. This antiparallel architecture defines a selectivity filter in the center of the membrane within the 15 Å neck of an hourglass-like-shaped pore. Cl À ions bind to three distinct sites in the selectivity filter and interact with partial charges from hydroxyl groups of amino-acid side chains and with backbone amide NH groups, most of which are located at the N-terminus of a-helices ( Figure 1B ). The ion-binding sites were identified by X-ray crystallography, making use of the property of ClC channels to bind and conduct Br À nearly, as well as Cl À (Rychkov et al, 1998; Dutzler et al, 2002 Dutzler et al, , 2003 . The data reveal where the ions are binding; they do not, however, allow to distinguish whether all the three binding sites can be occupied at the same time or whether the structure represents an ensemble of structures with one or two ions bound. To date, the detailed mechanisms for ion conduction in ClC channels and for transport in EcClC and other H þ /Cl À transporters are still unclear. There is, however, good evidence that both functional branches channels and transporters are similar in structure and have conserved modes of ion binding (Chen and Chen, 2003; Estevez et al, 2003; Engh and Maduke, 2005) . To get insight into both mechanisms, permeation and transport, it is important to understand the ion-binding properties of the selectivity filter. Here we use a crystallographic approach to address the following questions: how many ions bind to the selectivity filter at the same time; 
Results

Two conformations of the ClC selectivity filter
Presently, we know the structure of the EcClC selectivity filter in two conformations. Figure 1B shows a blowup of the two conformations in wt EcClC and in the mutant E148Q. The filter contains three ion-binding sites, which were previously named S int , S cen and S ext (Dutzler et al, 2003) . The ion-binding sites bridge the two aqueous vestibules approaching the narrow selectivity filter from both sides of the membrane. Only S int and S cen are occupied by ions in the wt structure, where the negatively charged side chain of the conserved Glu 148 residue binds to S ext , akin to a tethered anion. A mutation of this glutamate residue to glutamine prevents binding of the side chain to S ext and allows for binding of an ion instead (Dutzler et al, 2003) . As shown by electrophysiology, the mutation of the respective Glu residue in the Cl À channel ClC-0 prevents closing of the pore (Dutzler et al, 2003; Traverso et al, 2003) . In EcClC the same mutation abolishes H þ transport, while still allowing the permeation of Cl . The ion binding to S ext in the E148Q mutant and the effects on gating and on transport are indicative for a functional relationship between the two mechanisms and let us propose that the two structures resemble the open and closed states of the selectivity filter of a ClC channel with respect to ion binding. Therefore, in our study, the structure of wt EcClC serves as a model of the ClC selectivity filter in a nonconductive state ('closed conformation') and the mutant E148Q as a model for a conductive state ('open conformation') (Dutzler et al, 2003) . Both conformations also represent likely intermediates along the transport cycle of the H þ /Cl À transporters. It has to be pointed out that to date the 'open conformation' has only been observed in mutants of the E148 residue and was never seen in the wt protein irrespectively of the pH or the ion concentration during crystallization. It might well be that this conformation is energetically not favorable in wt EcClC and consequently not populated. The model of the 'open conformation' is for that reason approximative.
Measuring ion binding by crystallography
To gain insight into the ion-binding properties of the ClC selectivity filter, we make use of a crystal form of EcClC in complex with Fab fragments from a monoclonal antibody raised against the protein (Dutzler et al, 2003 . Figure 1C shows the one-dimensional electron density distribution in the ClC selectivity filter measured from a normalized F Br þ -F Br À anomalous difference map. The normalization allows us to compare data sets collected from crystals grown at different Br À concentrations. The histogram of the electron density follows a Gaussian distribution. During normalization, the average of this distribution is subtracted and the corrected density is subsequently scaled by the reciprocal value of the standard deviation (Supplementary Figure 1) . The electron density of the 'open conformation' has three peaks, each peak corresponding to a Br À ion in its respective ion-binding site. The adjacent peaks in S int , S cen and S ext are separated by 7 and 5 Å , respectively. The larger separation between S int and S cen is partially due to the side chain of Ser107, which coordinates the ion in S cen and is located between the two ion-binding sites, while the ions in binding sites S cen and S ext are nearly in 'van der Waals' distance and would come very close if the sites are occupied at the same time ( Figure 1B and C). In the 'closed conformation', the distance between ions bound to S int and S cen is the same, while the peak in S ext is absent ( Figure 1C ). Both peak height and area in the one-dimensional anomalous difference density depend on the fraction of the binding sites occupied by a Br À ion, on the mobility of the ion (as measured by the atomic b-factor) and on the wavelength of the X-ray beam (Supplementary Figure 2) . The signal is robust; it was found to be relatively insensitive to the resolution of the data sets and varies little with the stage of refinement (Supplementary Figure 1B and C). The largest error is introduced by comparing electron densities collected from different crystals, and is due to differences in data quality and characteristics of the X-ray beam. To minimize this error, all data sets used in this study were collected at the same synchrotron beamline. Each data set allows for two independent measurements from the two subunits in the asymmetric unit, and for most concentrations data sets from two crystals were collected. The errors listed in Table II and Supplementary Table II are the standard deviations of the mean value in cases where the average was taken between the four sites present in two data sets or describe the range of values in the two subunits for concentrations where data were only collected from one crystal. In our study we use both, the measured peak height (Table I ) and the fitted peak area (Supplementary Table I ), as a measure of ion occupancy in the binding site, assuming that the mobility of bound ions remains the same at all ion concentrations. The fit of a sum of Gaussians to the one-dimensional electron density distribution shows that the peak heights in the electron density are not significantly influenced by the density of the adjacent ion (Supplementary Figure 2D) . Both values, measured peak height and fitted peak area, show a linear correlation at different ion concentrations and are therefore both valid approximations of the three-dimensional electron density (Supplementary Figures 2C, E and 3, Supplementary Table  II) . The peak heights are used as a measure of the electron density and of the fits in the main text because they allow for a better approximation of ion occupancy at low Br À concentration, where the sites are only partially occupied. The 31 data sets used in this study were collected from crystals grown in a pH range between 6.5 and 9.5. The pH did not have any observable effect on the structure or the ion-binding properties of the protein. All crystals were diffracting to a resolution between 3.1 and 4.0 Å , with most of the data sets being at a resolution of 3.6 Å or higher (Table I) . A resolution cutoff of I/sI45 was applied for calculating the Br À anomalous difference maps. The upper resolution of the various difference maps ranges between 3.2 and 4.2 Å , features like the peak height and the spacing between the peaks are found preserved ( Supplementary Figure 1 B and C).
Ion occupancy in the selectivity filter
The peaks in the anomalous difference density saturate at high Br À concentration. Due to the limited resolution, however, we cannot make a measure of the absolute occupancy. It is possible that the close proximity of the ionbinding sites and the resulting strong electrostatic repulsion between the ions prevent the three binding sites in the filter to be occupied at the same time. In this case, the peaks in the anomalous difference density correspond to an ensemble of molecules with partially occupied sites.
To address the question of ion occupancy in the selectivity filter, we constructed a mutant where two of the three ionbinding sites are abolished. In case that in the 'open conformation' a site is, due to the electrostatic repulsion between adjacent ions, only partially occupied, we would expect it to get fully occupied, if the neighboring ion binding sites are empty, and we therefore expect the peak in the anomalous density to increase.
In the triple mutant Y445A/S107A/E148Q (which for simplicity is called TRPL), two side chains, which interact with the bound ion in S cen , are truncated to alanine. The mutant is otherwise very similar to the 'open conformation' (Figure 2A) . Surprisingly, next to the peak in S cen also the peak in S int is absent (Table I, Figure 2A and C). Despite the three mutations, TRPL facilitates selective chloride uptake into vesicles ( Figure 2B ). The electron density (2F o ÀF c ) of the mutant at 3.5 Å resolution shows S ext unperturbed, with no noticeable changes in the overall structure ( Figure 2A ). As we will show later, for crystals grown at high ion concentration, the Br À ion concentration in the crystallization solution Tables I and II,  Supplementary Tables I and II) . Since the anomalous difference density for S ext in TRPL is not increased, we conclude that all the three ion-binding sites are fully occupied in the 'open conformation'.
Br À affinity of the ion-binding sites
To estimate the affinity of the individual ion-binding sites, we crystallized the protein at various Br À concentrations, ranging from high Br À concentrations to conditions which completely lack halide ions. For low halide ion concentrations, we had to identify a novel crystal form that grows in the absence of ions that bind to the EcClC selectivity filter (see Materials and methods). Figure 3A shows the anomalous Br À difference density in the 'open conformation' at Br , the density in S cen approaches its half-maximum value between 25 and 10 mM Br À . The electron density in S ext remains strong at low ion concentration, still being close to its maximum at 10 mM Br À . The anomalous difference electron density of the 'closed conformation' shows similar features ( Figure 3B ). The density in S int reaches its half-maximum value at 25 mM Br À , while the peak in S cen is still above half of its size at 5 mM Br À . In both conformations the curves do not show density at 1 mM Br À , indicating that no ions are bound to the selectivity filter.
The binding affinities can be estimated from the anomalous density at various ion concentrations (Table I) . The respective peak heights were averaged between the two subunits in the asymmetric unit and in many cases also between data sets measured from different crystals. The Br À affinity was determined by a fit of the average densities to the following equation (Figure 3C and D) :
All three binding sites bind Br À ions with mM affinity ( Figure 3C and D, 2.4/2.7/À 3.9/1.5/À a Data were included to an overall I/sI of 2.0. Structures were refined using the entire resolution range. Data in parenthesis show the resolution at a cutoff of I/sI of 5. Anomalous difference densities were calculated to this resolution. Most data sets are 495% complete, the lowest completeness in any data set is 89%.
where I i is the scaled intensity of the ith measurement and /I i S is the mean intensity for that reflection.
where F o and F c are the observed and calculated structure factor amplitudes, respectively. R free values are listed in parenthesis. R free was calculated from 5% of the reflections, which were not included in refinement. The same set of reflections was previously used for the refinement of the structures 1OTS and 1OTU, which served as starting models for refinement, and for each data set in this study. S cen and S int are 13 and 23 mM, respectively. The ion affinities in the 'closed conformation' differ with respect to the 'open conformation': While the K D of S int is similar in both conformations, the affinity in S cen is higher in the 'closed conformation' (K D 5 mM; Figure 3D , Table II ). This change in affinity (of about 0.6 kcal/mol) can probably be attributed to small conformational differences in the filter between the 'closed' and the 'open conformation' and to the stronger electrostatic repulsion between two Br À ions compared to the repulsion between Br À and the negatively charged glutamate side chain, which can move its negative charge at a larger distance from the ion. It should also be pointed out that by the fit to a single K D , changes in binding affinity due to the increasing ion occupancy of the neighboring binding sites at higher ion concentrations are neglected. Despite the differences in the observed binding affinities, those changes in partial occupancy will likely play a role for all the three ion-binding sites. Data collected from crystals of both conformations grown at 1 and 0 mM Br À allow us to study the structure of the selectivity filter in the absence of bound ions. These structures are determined to an upper resolution between 3.1 and 3.5 Å . Although a detailed investigation of side-chain conformations is not possible at this resolution, larger conformational changes affecting the protein backbone or bulky side chains as Tyr 445 can easily be detected. For both conformations the electron density in the filter and elsewhere is well defined (Supplementary Figure 4) . The electron density in S cen and S int shows similar features in the 'closed conformation' ( Figure 3B ). The fit of the average electron density to the following equation allows Figure 1B . A 2F o -F c electron density map calculated at 3.5 Å resolution and contoured at 1s is shown superimposed on the refined structure. The Br À anomalous difference density (red), which was calculated from the same data set, is contoured at 4.5s. Mutated residues are labeled. (B) EcClC-mediated 36 Cl À uptake into liposomes. The averages over three data points and the standard deviations are shown. All measurements were carried out at pH 5. The protein was reconstituted at a ratio of 5 mg/mg of lipid. Time courses from vesicles containing wt EcClC and TRPL are shown in blue and red, respectively. Uptake from vesicles without protein is shown in green. Table II) .
The data show little selectivity between Cl À and Br À in S ext , slightly higher affinity for Br À in S int and higher affinity for Cl À S cen (Table II) . Due to the higher Cl À selectivity of S cen , S cen and S ext appear to bind Cl À equally well.
Discussion
We have used a crystallographic approach to characterize the ion-binding properties of the ClC Cl À selectivity filter. This is the first quantitative experimental study of anion binding to an ion-selective transport protein and its results give insight into both functional branches of the ClC family, the gated Cl À channels and the H þ /Cl À transporters.
The ClC selectivity filter constitutes a constricted region within the ClC subunit in the center of the membrane. In its 'open conformation', the filter contains three anion-binding sites that bridge the intracellular and extracellular solutions ( Figure 1B) . Despite their close proximity and the resulting electrostatic repulsion between the bound ions, our data suggest that the filter can accommodate three ions at the same time. The Cl À ions bind with mM (4-40 mM) affinity.
Moreover, ion binding to two of the binding sites (S ext and S cen ), which are embedded within the protein, is energetically balanced as the ions bind with similar affinity. This tight energetic balance has been shown to be important for the mechanism of ion conduction in K þ channels before (MoraisCabral et al, 2001) . The ion in the intracellular site S int is still partly in contact with the solution and binds with lower affinity (Table II) . The three sites are only moderately selective for Cl À /Br À . This moderate selectivity probably reflects the fact that only Cl À plays a role as permeant anion in biological systems. The determined ion affinities have potential consequences for the ion occupancy under physiological conditions. In a cellular environment, the binding sites S int and S cen are in the 'closed conformation' only, exposed to the low intracellular Cl À concentration (B5 mM in muscle cells, and up to 40 mM in certain other cells). At this low physiological concentration S cen would still be occupied, whereas S int would mostly be empty. Only upon opening and facing the high extracellular Cl À concentration, all three binding sites become occupied.
This result is interesting in light of the contribution of the ions to the voltage dependence of gating in some ClC channels, and in light of the 2:1 stoichiometry for Br À to H þ in the transporters (Pusch et al, 1995; Chen and Miller, 1996; . Our results are in qualitative agreement with a theoretical study employing continuum electrostatics to analyze the interaction of the ions with the protein. The calculations reveal that this region is strongly electropositive and is able to accommodate three ions at a time (Faraldo-Gomez and Roux, 2004) . In absolute terms, however, the estimated binding energies for S ext and S int of 7-8 kcal/mol would cause a binding affinity in the low mM range, which is considerably larger than the experimentally determined values.
Ion transporters and ion channels have traditionally been viewed to be constructed by very different protein architectures. While this holds true for the majority of channels and transporters, the ClC family is an exception, where a very similar conserved molecular framework encodes for gated ion channel ion transporters. In light of this strong conservation, we propose that the structure of the secondary ion transporter EcClC resembles the structure of ClC channels with respect to ion binding. For this reason, it is interesting to compare the ion-binding data from this study with experimental data on the well-characterized ClC channels ClC-0 and ClC-1. Several experiments have previously addressed the question whether ClC channels are single-or multi-ion pores. Due to the saturation of conductance at high Cl À concentration, an early study suggested that ClC-0 might be a single-ion pore, although with several ion-binding sites in the filter ( Figure 5A ) (White and Miller, 1981) . Later studies, however, which analyzed the anomalous mole fraction behavior in binary mixtures of ions for ClC-0 and ClC-1, were more compatible with a multiply occupied selectivity filter ( Figure 5B ) (Pusch et al, 1995; Fahlke et al, 1996; Rychkov et al, 1998) . Our study now confirms that the filter, indeed, shows multiple occupancy of ions. The saturation of conductance with Cl À concentration allows a comparison of the ion-binding affinities. For ClC-1, the conductance saturates with an apparent K D of 5 mM for Cl À influx and of 35 mM for Cl À efflux (Rychkov et al, 1998) . Similarly, in ClC-0, Cl À efflux was shown to saturate with an apparent K D of 59 mM (Chen and Chen, 2003) . These results are in striking agreement with the affinity data measured for EcClC in this study (K D for Cl À : S ext ¼ 4-6 mM, S int ¼ 34-46 mM), indicating that the physico-chemical properties of the selectivity filter are conserved within the ClC family. Ion permeation in ClC channels might consequently work as outlined in Figure 5B : A queue of ions occupies the selectivity filter in the open state of a ClC channel. Additional ions, which enter the filter from either side of the membrane, cause the bound ions to move in a single file towards the next binding site. This movement leads to the dissociation of the ion on the juxtaposed side of the queue into the aqueous vestibule. Mutual repulsion between the ions and a relay of interactions within the selectivity filter will lower the energy barriers when moving between ion-binding sites.
Unexpectedly, the EcClC structure has currently told us more about the function of the ClC channels than about the transporters within the family. Our data do not explain the mechanism of coupling of H þ and Cl À ions in EcClC.
The conservation of ion binding between the transporter EcClC and the ClC channels, and the role of the conserved glutamate residue in gating and transport, however, emphasizes the close relationship between the two mechanisms, permeation and gating and coupled transport within the family. The detailed knowledge of the ion-binding properties of EcClC selectivity filter will certainly provide a good foundation for future studies on the transport cycle involving sitedirected mutants. When comparing the ion permeation mechanisms of K þ and Cl À channels, common motives but also differences become apparent. Some of the properties such as the molecular architecture of the protein, the chemistry of ion binding and the mechanisms of gating have been discussed previously (Dutzler et al, 2002 (Dutzler et al, , 2003 Dutzler, 2004) . With the results of this study, we can now compare additional features. Both K þ channels and Cl À channels are multi-ion pores, which use the mutual repulsion between neighboring ions to lower the barriers for ions diffusing through the channel Zhou and MacKinnon, 2003) .
It is interesting to note that in K þ channels the four consecutive ion-binding sites are never fully occupied by K þ ; it is (1) and (2), respectively. Zhou and MacKinnon, 2003) . In contrast to K þ channels, our data suggest that the binding sites in the ClC Cl À selectivity filter are indeed fully occupied. As in K þ channels, energetic balance between the binding sites might contribute to a larger ion permeation rate. Another difference between the two selectivity filters is found at low ion concentration. The K þ channel selectivity filter undergoes a conformational change into a nonconducting conformation when the K þ concentration is lowered to 3 mM.
It was proposed that the energy required to change the selectivity filter into a conducting conformation in K þ channels weakens its affinity for the ion and contributes therefore to an increased conduction rate Zhou and MacKinnon, 2003) . The ClC selectivity filter does not undergo a similar conformational change; it retains its conformation even in the absence of bound ions, which could contribute to the generally lower conduction rates observed in ClC channels when compared to K þ channels.
With K þ channels and Cl À channels, nature evolved different molecular frameworks for selective ion channel proteins. Despite the structural differences it is striking to find similar principles, which govern ion conduction. Next to the similarities, however, there are also differences, which probably reflect the unique chemical features of the permeating ions, and the tight energetic balance that has to be maintained to allow the diffusion of ions at high rates through the channel.
Materials and methods
Protein preparation
Wt EcClC and the EcClC mutant E148Q were expressed and purified in the detergent decyl maltoside (DM) as described (Dutzler et al, 2002) . Mouse IGG was purified from mouse hybridoma cell culture and Fab fragments were obtained as described (Dutzler et al, 2003) . EcClC and Fab were mixed in an OD 280 ratio of 1:1.5. The complex was purified on a Superdex 200 column (Pharmacia) equilibrated in 10 mM Tris (pH 7.5), 10 mM DM and 150 mM NaBr. Protein used for crystallization in the absence of Br À and Cl À was purified in 150 mM Na þ /K þ tartrate instead of NaBr. Peak fractions containing the EcClC-Fab complex were pooled and concentrated to a final concentration of 15 mg/ml (Millipore). For crystallization in different ion compositions, aliquots of the protein were dialyzed against a solution containing 10 mM DM, 10 mM Tris, and 100 mM NaCl, 100 mM NaBr or 100 mM Na þ /K þ tartrate.
Crystal preparation
Crystals of the EcClC-Fab complex were grown in sitting drops at 201C by equilibrating a 1:1 mixture of protein and reservoir solution against the reservoir. Careful measurements of the drop volume of the mixture after equilibration showed a decrease in the volume towards the volume of the initially added precipitant solution. We therefore used the following convention for the ion concentration in the crystallization solution: The Br À concentration present in the protein solution and the crystallization solution are summed up to the total ion concentration in solution. This is justified since the drops are equilibrated upon harvesting of the crystals. Two crystal forms were used for this study. For both crystal forms, crystals were grown in a pH range between 6.5 and 9.5. The pH did not have any observable influence on the protein conformation or the ion-binding properties. The buffers used for crystallization are: ADA (pH 6.5), Hepes (pH 7.5), Tris (pH 8.5) and glycine (pH 9.5). For the high-halide crystal form (250-400 mM Br À or Cl À ), protein dialyzed into Br À was mixed with reservoir solution containing 33-38% Peg200/Peg300 (in a 1:2 v/v ratio), 150-300 mM Br À and 50 mM buffer at the respective pH. For Br À /Cl À titrations, proteins dialyzed against a solution containing either 100 mM NaBr or 100 mM NaCl were mixed in the desired ratio. Crystals were grown by using a precipitant concentration containing NaBr and NaCl in the same ratio at a total concentration of 150 mM. For the low-halide crystal form (0-75 mM Br), NaBr was added to the protein solution previously dialyzed against 100 mM Na þ /K þ tartrate at the desired final concentration. Crystals were grown by mixing with a reservoir solution containing 35-40% Peg200/Peg300 (in a 1:2 v/v ratio), 150 mM Na þ /K þ tartrate and 50 mM buffer at the respective pH. The crystals were frozen in their mother liquor by rapid transfer into liquid propane.
Data collection and crystallographic analysis
All data sets were collected on frozen crystals on a Mar CCD detector at the X06SA beamline at the Swiss Light Source (SLS) of the Paul Scherrer Institute (PSI). For collecting anomalous differences, the wavelength was set to the Br À K-edge (0.92 Å ). The data were indexed and integrated with DENZO and SCALE-PACK (Otwinowski and Minor, 1997) and further processed with CCP4 programs (CCP4, 1994) . All crystals of the high-halide crystal form are of space group C2 (a ¼ 230 Å , b ¼ 94 Å , c ¼ 169 Å , a ¼ g ¼ 901, b ¼ 131.51), with one ClC dimer and two Fab fragments in the asymmetric unit. The structures of the wt EcClC-Fab complex 1OTS and of the mutant complex EcClC-E148Q-Fab 1OTU served as starting models (Dutzler et al, 2003) . Ions and water molecules were removed previously. Refinement was initiated by several cycles of rigid body refinement with CNS, followed by cycles of minimization (Brunger et al, 1998) . The phases were improved by solvent flattening and two-fold domain-averaging breaking the complex structure into three domains (channel, F v region, F c region) in DM (Cowtan, 1994) . Structures and electron densities were inspected with the program O (Jones et al, 1991) . The structures were adjusted manually if required. R free was monitored throughout the refinement. All crystals of the low-halide crystal form are of space group C2 (a ¼ 220 Å , b ¼ 120 Å , c ¼ 150 Å , a ¼ g ¼ 901, b ¼ 1281), with one ClC dimer and two Fab fragments in the asymmetric unit. The structures were solved by molecular replacement using the respective structures 1OTS and 1OTU as search models (Navaza, 2001) . Refinement was continued as described for the high-halide crystal form. For both crystal forms, the anomalous difference maps were calculated with CCP4 programs. Ions were not included in the model for calculating the phases. The maps were normalized and a one-dimensional density profile along the pore was sampled using the program MAPMAN (Kleywegt and Jones, 1994) . In an alternative approach, the data sets were first scaled to the highest resolution data set of the respective crystal form and the electron distribution was subsequently sampled without normalization. The density obtained this way was found to have features similar to the normalized difference density maps (Supplementary Figure 1D) . For the calculation of the anomalous difference densities, a high-resolution cutoff of I/sI45 was used throughout. Fluctuations in the peak heights between data sets of the same ion concentration are probably due to the difference in data quality and the stability of the wavelength during data collection.
Concentrative
36 Cl À uptake assay Influx of 36 
Cl
À into liposomes was essentially carried out as described (Maduke et al, 1999; . Wt EcClC and the mutant S107A/E148A/Y445A have been purified as described (Dutzler et al, 2002) , with the exception that the gel filtration step was replaced by purification on a cation exchange column (MonoS Pharmacia). The protein was subsequently reconstituted into liposomes in a ratio of 5 mg of protein per mg of lipid (E. coli polar lipids Avanti). For the negative control, vesicles were reconstituted without addition of protein. Uptake was studied at pH 5 at an intravesicular Cl À concentration of 450 mM. The uptake was initiated by adding 1 mM Cl À (containing 0.4 mCi of 36 Cl À per ml of vesicle suspension) to the extravesicular solution. At desired times samples were collected by adding 100 ml of liposomes to a Dowex-glutamate column. The vesicles were eluted in 1.5 ml of 400 mM sorbitol. In all, 14.5 ml of scintillation liquid was added and the radioactivity was counted on a Betamatic 2 scintillation counter (Kontron).
Supplementary data
Supplementary data are available at The EMBO Journal Online.
